Poorly managed gestational diabetes can lead to severe complications for mother and child including fetal overgrowth, neonatal hypoglycemia and increased autism risk. Use of metformin to control it is relatively new and promising. Yet safety concerns regarding gestational metformin use remain, as its long-term effects in offspring are unclear. In light of beneficial findings with metformin for adult mouse social behavior, we hypothesized gestational metformin treatment might also promote offspring sociability. To test this, metformin was administered to non-diabetic, lean C57BL/6 J female mice at mating, with treatment discontinued at birth or wean. Male offspring exposed to metformin through birth lost social interaction preference relative to controls by time in chambers, but not by sniffing measures. Further, prenatal metformin exposure appeared to enhance social novelty preference only in females. However due to unbalanced litters and lack of statistical power, firm establishment of any sex-dependency of metformin's effects on sociability was not possible. Since organic cation transporter 3 (OCT3) transports metformin and is dense in placenta, social preferences of OCT3 knock-out males were measured. Relative to wild-type, OCT3 knock-outs had reduced interaction preference. Our data indicate gestational metformin exposure under non-diabetic conditions, or lack of OCT3, can impair social behavior in male C57BL6/J mice. Since OCT3 transports serotonin and tryptophan, impaired placental OCT3 function is one common mechanism that could persistently impact central serotonin systems and social behavior. Yet no gross alterations in serotonergic function were evident by measure of serotonin transporter density in OCT3, or serotonin turnover in metformin-exposed offspring brains. Mechanisms underlying the behavioral outcomes, and if with gestational diabetes the same would occur, remain unclear. Metformin's impacts on placental transporters and serotonin metabolism or AMPK activity in fetal brain need further investigation to clarify benefits and risks to offspring sociability from use of metformin to treat gestational diabetes.
Introduction
Gestational diabetes appears to be associated with elevated risk of autism and other developmental disabilities in offspring [1] [2] [3] [4] . In light of this, reports that metformin controls gestational diabetes better than the "gold-standard", insulin -with improved pregnancy outcomes including less maternal obesity and hypertension, reduced neonatal hypoglycemia and fewer infant seizures [5] [6] [7] [8] [9] [10] [11] [12] -raises the exciting possibility that it might also reduce autism incidence in this population.
However use of metformin in pregnancy is still new, so its long-term impacts on exposed offspring are largely unknown. Since metformin readily crosses the placenta and may concentrate in cord blood, the potential exists for adverse developmental effects [13] [14] [15] . Evaluation of relative fetal risks and benefits from gestational metformin use is confounded by complications arising from gestational diabetes, other interventions used, adherence to them, and the extent of glycemic control [16] [17] [18] .
Mouse studies provide conflicting evidence about acute impacts of https://doi.org/10.1016/j.phrs.2018.11.013 Received 11 March 2018; Received in revised form 21 September 2018; Accepted 7 November 2018 fetal metformin exposure, and rarely address persistent effects. For example, one study found blastocyst defects in embryos exposed to 100 μg/ml metformin; a level 20 times greater than occurs clinically [19] . Another saw delayed neural tube closure in 10% of embryos exposed to 150-1800 μg/ml metformin [20] . Neural tube defects are attributed to activation of adenosine monophosphate activated protein kinase (AMPK), which is one of metformin's main actions, raising safety concerns for its use in pregnancy [12, 15] . Yet when in vitro (1 mM) vs. in utero (120 mg/kg/d) metformin exposures were compared, investigators found AMPK activation and neural tube-related Pax3 inhibition in cell culture, but not in embryos exposed in vivo [21] . With diet-induced gestational diabetes, neural tube defects occurred in 11% of mouse offspring, but metformin (200 mg/kg) treatment of pregnant dams attenuated this [22] . Prenatal metformin exposure also protected offspring from fatty diet-induced obesity and glucose intolerance [23] .
Hence metformin exposure during gestation appears to benefit offspring of dams on high fat diet or with gestational diabetes, while adverse impacts seem limited to high concentrations in vitro.
However there is a dearth of controlled long-term studies of the effects of gestational metformin exposure on offspring social and repetitive behaviors. To address this, we administered metformin to lean C57BL/6 J dams throughout pregnancy, stopping the treatment at birth or at wean, to establish its effects on autism-relevant behaviors in adolescent offspring. Based on the study that gave metformin to pregnant dams in drinking water [22] and similar findings [21, 23] , we hypothesized in utero metformin exposure might promote offspring social behavior as it did for adult fragile X syndrome mice [24] . Since metformin is transported by organic cation transporters (OCT3) that are highly expressed in placenta [25, 26] , the social behavior of OCT3 knock-out mice was examined to set the stage for their use in future studies of gestational metformin exposure.
Materials and methods

Animals
Twenty five adolescent (4 week-old) C57BL/6 J female mice and 9 males were purchased from the Jackson Laboratory (Sacramento, CA, USA). Upon arrival they were same-sex group housed in 484 cm 2 ventilated cages with chipped wood bedding (Teklad sani-chip #7090 Envigo, East Millstone, NJ, USA). They acclimated for two weeks to 23.8 ± 1°C and 14:10 light cycle, with ad libitum access to rodent diet (Teklad 7912 irradiated, Envigo) and water (reverse osmosis, acidified to pH 2.5-3 with HCl). Their diet was switched to an L-amino acid open source control diet (Research Diets, New Brunswick, NJ #A11022501) when they were randomly assigned to one of nine cages (3 per treatment) and mated (2-3 females per male).
Sixteen each of 3 month-old male organic cation transporter 3 (OCT3) knock-out and wild-type mice (C57BL/6 J background, bred in house from colony founders provided by Dr. Kim Tieu, Plymouth University, UK), 32 in total, were used in behavior tests. The OCT3 knock-out line, devoid of OCT3 expression in all tissues, was generated by homologous recombination; genotyping was performed at wean as described previously [27] [28] [29] . With ear tag identifiers, mice were group housed (3-5 per cage) by sex in 484 cm 2 ventilated cages with chipped wood bedding at room temperature 23.8 ± 1°C on a 14:10 light cycle, and ad libitum access to rodent diet (Teklad 7912 irradiated, Envigo) and water. All procedures involving live mice were approved by the Institutional Animal Care and Use Committee, and were consistent with the National Institutes of Health Guide for the Humane Treatment of Animals [30] , and ARRIVE Guidelines [31] .
Metformin treatment, tissue content and dam glucose tolerance
The day before males were introduced, 16 female mice were given 0.5 mg/ml metformin (1,1-dimethylbiguanide hydrochloride, #D150959 Sigma-Aldrich, St. Louis, MO) dissolved in drinking water, and nine were given drinking water sans drug as controls. Water bottle treatments were freshened weekly. Mice were weighed daily, and water consumption per cage measured. On average ( ± SEM) female mice weighed 14 ± 0.8 g at the start of the experiment, and reached a peak weight of 26.6 ± 1.3 g late in pregnancy. Over the course of the study metformin-treated mice drank 5.8 ± 0.3 ml and control mice drank 5.1 ± 0.6 ml per day. Female mice took in an estimated maximum of 250 mg/kg/d metformin at the start of the study (when they weighed less), and minimum of 130 mg/kg/d at their peak pregnancy weights. On their 14-15th day of pregnancy, 3 representative metformin drinking dams and 2 controls were euthanized so their trunk blood serum, brains and fetal brains could be collected, weighed and stored at −80°C for HPLC/MS/MS measures. Metformin standard and phenformin internal standard (# P7045 Sigma-Aldridge, St. Louis, MO) were prepared in Milli-Q water at 1 mg/mL and stored at −80°C. Metformin was quantified in mouse serum or whole brain homogenates prepared in 75% MeOH and centrifuged to remove protein. Calibration standards were prepared by spiking serum or supernatants of brain homogenates from control dams to achieve final concentrations of 0, 15.6, 62.5, 250, 1000, 4000 ng/mL. Then, 100 μL of calibrator and unknown samples were mixed with 5 μL of 10 μg/mL phenformin and 1.5 mL of acetonitrile. The samples were vortexed on high for 2 min, and then centrifuged at 16,060 g for 5 min at 23°C. Supernatants were transferred to 10 X 75 mm glass tubes and dried under a stream of nitrogen. The residues were then re-dissolved in 150 μL mobile phase, transferred to 1.5 mL microfilterfuge tubes and centrifuged at 16,060 g for 1 min. The final extracts were transferred to autosampler vials and 25 μL was injected into the LC/MS/MS.
The HPLC system consisted of a Shimadzu SCL-10 A Controller, LC-10AD pump with a FCV-10AL mixing chamber, SIL-10AD autosampler, and an AB Sciex API 3200 tandem mass spectrometer with turbo ion spray. The analytical column was a Grace Alltima C18 (4.6 x 150 mm, 5 μm, Alltech, Deerfield, IL) maintained at 60°C by column oven (Shimadzu CTO-10 A). The isocratic mobile phase was 0.1% formic acid dissolved in acetonitrile:water (50:50). The mobile phase flow rate was 0.5 mL/min. Metformin transition was detected at 130.0 → 71.0 Da and phenformin transition at 206.2 → 60.1 Da. The ratio of the metformin peak area to that of phenformin (response ratio) for each unknown sample was compared against a linear regression of calibrator response ratios. This yielded mean dam serum metformin levels 1.27 ± 0.12 mg/L (≈10 μM, within therapeutic range [32] ) and mean brain levels of 161 ± 20 pg/mg in dams (N = 3) and 158 ± 10 pg/mg in their fetuses (N = 4 per dam, 12 total). The number of dams in each treatment group, pregnancy outcomes and experimental use of pups is in Table 1 .
Glucose tolerance tests were performed in 5 control and 7 metformin-treated dams between gestational day (GD) 12 and 16, since peak pancreatic β cell mass and islet cell function peaks at this time in pregnant mice [33] . Dams were fasted overnight for 16 h and injected at 10:00 am with glucose (1 g/kg, i.p.), and blood samples were collected from a tail vein nick at baseline and 15, 30, 60, 90, and 120 min after glucose injection. It was not possible to test all pregnant mice because for some dams the GD 12-16 window was missed, and for one control the glucose injection was incomplete. Blood glucose concentrations were measured using TRUEresult glucose meter and TRUEtest strips (Nipro Diagnostics, Ft. Lauderdale, FL). Glucose levels at each time-point and area under the curve were compared by two-way repeated measures analysis of variance (ANOVA) and Sidak's multiple comparison, while area under the curve was compared by t-test using Prism (v. 7, Graphpad Software, La Jolla, CA).
When pups were born, mothers and litters were given their own cages. Nestlet squares were provided and metformin administration in drinking water was stopped in half of the cages, but continued in the other half to tease apart impacts of gestational metformin exposure from continued exposure to metformin in mothers' milk through wean V.R. Garbarino et al. Pharmacological Research 140 (2019) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] at postnatal day 25. At wean pups were ear-tagged and housed in same sex groups of 2-5 mice per cage. Weight of pups was recorded just before behavior tests at 6-7 weeks of age, and analyzed by two-way ANOVA. For behavior tests following gestational exposures to metformin vs. controls, the individual pups are the units of measure in the study. While 3 or more litters per group were tested, a limitation of this study is that some pups in test groups were siblings from the same litter (Table 1) .
2.3. Autism-relevant behavior tests 2.3.1. Social interaction and social novelty preference Three chamber tests are widely used in autism research for testing social interaction and social novelty preference in mice. These were conducted in 7 week-old male and female offspring, with each sex tested on different days, as previously described [34] . Tests were performed under dim red light between 1000 and 1400 h after mice acclimated to the room for 30 min in home cages. Each mouse subject was introduced to the test arena to acclimate to the center chamber with side chamber doors closed for 10 min. Then side chamber doors were opened so the mouse could explore all three empty chambers for 10 min.
For the social interaction preference test phase, subject mice are returned to the center chamber with doors closed and a cup cage is introduced into both end chambers. One empty cup cage serves as a novel stimuli, the other contains an age and sex-matched stranger of a different strain (129S1/SvlmJ). Position of the novel stimuli and stranger cages is randomized. To start the test while a video-camera recorded, the doors are opened to allow subject mice to explore the entire arena and both stimuli for 10 min. The whole arena is recorded so time spent in each chamber, chamber entries, as well as time spent sniffing either the novel or social stimuli cup cage can later be measured by treatment-blind observers.
Before the social novelty preference test phase, subject mice are returned to the center chamber and doors closed. A novel stranger mouse from a different home cage than the original stranger is added to the empty cup cage of the previous test phase, and the original stranger in its cup cage is moved slightly. Again the camera is turned on and doors are open so the experimental mouse can explore and interact with either the original stranger mouse, or the novel mouse for 10 min. Subjects and strangers were returned to holding or home cages, and fecal boli were tallied. Arenas were cleaned with 70% ethanol and paper towels between each test session. From the video-recordings a treatment blind observer measured time in chamber and time sniffing to assess and compare social novelty preference among groups.
Time spent in chambers, time spent sniffing stimuli, and chamber entries were measured by treatment-blind observers. Preferences (interaction = stranger time -novel object time; novelty = new stranger time -old stranger time) were compared among offspring groups by analysis of variance (ANOVA) or unpaired t-test for comparing behaviors of OCT3 genotypes. For each offspring sex in the metformin study, two-way (TREATMENT x PREFERENCE) ANOVA, with Dunnett's or Tukey's multiple comparison test were performed, while on OCT3 data Sidak's was performed to obtain 95% CI and mean differences with Prism 7 (Graphpad, La Jolla, CA). Within -group sociability preferences were determined post-hoc by Tukey's or Sidak's multiple comparison tests. Since some offspring in the metformin study were siblings (Table 1) , within each treatment preferences were also compared among litters using ANOVA.
Marble burying
Repetitive manipulation (burying) of inanimate objects by mice is translationally relevant to stereotypic or self-stimulatory behaviors characteristic of autism. Clean rat housing cages were filled to a depth of 8-10 cm with sani-chip bedding. Fifteen flat blue glass marbles were spaced evenly across the surface of the bedding in 5 rows of 3. Immediately after sociability tests, mice were placed alone in covered testing cages to interact with marbles on bedding undisturbed for 30 min. At test end marbles > 2/3 covered with bedding were counted, and groups were compared by either two-way ANOVA or unpaired ttest.
Whole brain serotonin turnover
Whole brains collected from adolescent offspring at the completion of behavior testing were flash frozen on dry ice and stored at −80°C. A subset of 3-4 brains per group (each from a different litter) were weighed and homogenized in 75% MeOH and centrifuged to remove protein. Aliquots of supernatants were then injected into the HPLC system using an isocratic mobile phase and an Alltima C18 analytical column. Peak areas of analytes were compared against a linear regression of calibrators using Empower software (Waters Corp.), and analyzed for levels of serotonin (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5-HIAA). These measures allow us to compare the relative amount of 5-HT turnover occurring in mice from each treatment group. Mean neurochemical levels between groups were analyzed by 2-way ANOVA.
Serotonin transporter density in organic cation transporter3 (OCT3) knock-out mice
Naïve 3 month-old wild-type and knock out males (6 each) were euthanized by cervical dislocation and decapitation without anesthesia to preserve binding site integrity. Brains were removed and rinsed in ice cold saline, placed on a paper towel for 5 s to dry and then frozen on powdered dry ice. Brains were stored in labeled bags at −80°C until sectioning at -18-20°C in a cryostat (Leica, Buffalo Grove, IL). Coronal sections (20 μm) were thaw mounted onto gelatin coated microscope Numbers are pups surviving to wean, weaned offspring were ear tagged and same-sex group housed until behavior tests, C = control, MB = metformin treatment → birth, MW = metformin treatment → wean, M = male, F = female. H labeled brain mash to obtain units of fmol/mg protein [35] . Autoradiographic images were captured on a stabilized fluorescent light box (Northern Lights, Imaging Research, Ontario, CA), CCD monochrome camera (CFW-1612 M, Scion, Frederick, MD) and copy stand, Kaiser RS-1, White Plains, NY), calibrated using a linear function and density was measured with Image J (http://rsb.info.nih.gov/ij/download.html). Since multiple regions were measured, wild-type and OCT3 knock-out means were compared by MANOVA using Statistica ('98 edition, Statsoft, Tulsa, OK).
Results
Maternal glucose tolerance mid-gestation
Fasting serum glucose and response to glucose challenge at each time was not significantly different between metformin-treated and control dams at GD 12-16 ( Fig. 1a) . However area under the curve (AUC) ± SEM for 0-120 min was significantly higher in metformin treated dams (14,724 ± 403, n = 7) versus controls (13,290 ± 486, n = 5; unpaired t(10) = 2.28, p < 0.05). This indicates glucose clearance was slower in the metformin treated dams at mid-gestation versus controls (Fig. 1b) . However neither dam group had peak blood glucose levels in excess of 250 mg/dl in the fasting glucose tolerance test, the threshold criteria for glucose intolerance in mouse models of gestational diabetes [36] .
Similar body weights in control and metformin exposed offspring
Adolescent female and male offspring (N = 8-16) from at least three different mothers per metformin treatment group were assessed in all behavior tests. When mice reached 6-7 weeks old, there was no significant difference in body weights between sexes (F (1, 54) = 2.44, p = 0.12) or among metformin treatments and controls (F (2, 54) = 2.93, p = 0.06), and no interaction (F(2,54) = 0.39). Weights and group sample sizes are shown in Fig. 2 . Weights of OCT3 wild-type and knock-outs were mean ± sem, 28 ± 0.7 and 28 ± 0.9 g, N = 16.
Social interaction vs. novel object preferences of offspring
Female offspring social interaction preferences
Among female offspring, there were no significant differences between prenatal metformin exposure groups in social interaction preference (stranger -novel object), for which mean ± SEM (95% CI of mean) = control 71 ± 26 (11 to 130) s, met → birth 60 ± 31 (-13 to 131) s and met → wean 101 ± 19 (57 to 143) s by measure of chamber times (F (2, 25) = 0.72, p = 0.49, Fig. 3a ). There were also no differences in female offspring interaction preference from sniffing time, for which mean ± SEM (95% CI) = control 48 ± 9 (28 to 69) s, met → birth 46 ± 20 (-1 to 93) s and met → wean 49 ± 11 (24 to 74) s (F (2, 25) = 0.013, p = 0.99, Fig. 3b ).
Regarding within group female offspring sociability preferences based on time in chambers, two-way (TREATMENT x CHAMBER) ANOVA found that at least one group had a chamber preference (F (1, 50) = 37, p < 0.001), with no significant interactions (F (2, 50) = 0.95, p = 0.39) or treatment effects (F (2, 50) = 2.2, p = 0.12). Tukey's post-hoc analysis revealed preferences for stranger vs. novel object chamber times in control (mean difference -70.9, 95% CI = -133.5 to -8.31 s) and metformin → wean (mean difference -101, 95% CI = 163.5 to -38.31 s) groups. For female offspring sniff a two-way (TREATMENT x CHAMBER) ANOVA was also run to reveal significant chamber preferences (F (1, 50) = 29, p < 0.0001) and metformin effects (F (2, 50) = 9, p < 0.001) with no interactions (F (2, 50) = 0.01, p = 0.99) among groups. Significant within group preferences for stranger vs. novel object sniffing were found in control (mean difference -48.4, 95% CI = -92.06 to -4.74 s) and metformin → wean groups (mean difference -49.4, 95% CI = -93.06 to -5.74 s) indicated by * for p < 0.05 or **p < 0.01 in Fig. 3a and 3b . The treatment effect was due to the metformin → birth spending more time sniffing novel objects Adolescent offspring weights at time of behavior tests. Dam treatments were metformin in drinking water (0.5 mg/ml) stopped at birth (Met → birth), at wean (Met → wean) or control. Offspring weights (6-7 wk old) did not differ significantly. Boxes show 25th to 75th percentiles, center line is median, plus signs are means, whiskers are minimum to maximum weight. Weights for individuals are small points, all mice were used in the behavior tests, group size appears under boxes.
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Pharmacological Research 140 (2019) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] than the metformin → wean group (mean difference 49, 95% CI = 2.192-94.81 s, p < 0.05).
Male offspring social interaction preferences
Between male offspring treatment groups, there was a significant difference in social interaction preference (F (2, 29) = 5.11, p < 0.05) by measure of time in chambers. Specifically met → birth male offspring had reduced social interaction preference relative to controls (mean difference = 129, 95% CI = 32-226 s, Dunnett's p < 0.05, # in Fig. 3c ). Social interaction preference by chamber time mean ± SEM (95% CI) = control 92 ± 18 (53-131) s, met → birth -37 ± 27 (-100 to 26) s and met → wean 19 ± 51 (-101 to 140) s. However social interaction preference by sniff revealed no significant differences among male offspring groups, for which mean ± SEM (95% CI) = control 62 ± 15 (31-93) s, met → birth 16 ± 19 (-29 to 60) s and met → wean 40 ± 22 (-13 to 93) s (F (2, 29) = 1.11, p = 0.20, Fig. 3d ). Hence in male offspring, gestational exposure to metformin stopped at birth resulted in a loss of social interaction preference evident in chamber time, but not in sniffing time.
Within male offspring groups, a two-way (TREATMENT X CHAM-BERS) ANOVA revealed a significant interaction between these variables (F (2, 58) = 9, p < 0.001). Tukey's post-hoc analysis revealed that only control offspring spent more time with strangers than novel objects by chamber time (mean difference = -92, 95% CI= -144 to -39 s, Tukey's p < 0.001, * Fig. 3c ). By contrast, male offspring from Met → wean dams spent significantly less time in stranger chambers than controls (Mean difference = 70, 95% CI = 5 to 134 s, Tukey's p < 0.05, # in Fig. 3c ). For male offspring social sniff, the TREATM-ENT x CHAMBERS ANOVA revealed a significant chamber preference (F (1, 58) = 14, p < 0.001), with no significant interactions (F (2, 58) = 1.9, p = 0.16) or treatment effects (F (2, 58) = 1.06, p = 0.35). Yet only male offspring from control dams spent significantly more time sniffing strangers than novel objects (Mean difference = -62, 95% CI =-103 to -21s, Tukey's p < 0.001 ** in Fig. 3d ).
Maternal effects on social interaction preference
Since siblings were included in behavior measures, we looked for litter effects (with all male and female offspring together) within each metformin exposure group on social interaction preference using ANOVA. No significant litter effects were evident for chamber entries in the control group (seven dams F (6,19) = 1.46, p = 0.24), metforminbirth group (four dams F (3,12) = 1.65, p = 0.23), or metformin -wean group (four dams F (3,14) = 1.29, p = 0.32). For sniff there were no significant litter effects for control (F (6,19) = 1.10, p = 0.40) or metformin -wean groups (F (3,14) = 1.82, p = 0.19). However, there was a significant litter effect in the metformin -birth group (F (3,12) = 5.06, p = 0.02) in sniffing. This appears to be due to litter MB3, which had greater sniff preference for social interaction than MB1 (mean difference = -110.5, 95% CI = 215.6 to -5.4 s, Tukey's p < 0.05) or MB4 (mean difference = 90.67, 95% CI = 12.33-169 s, p < 0.05). Litter MB3 had 2 female offspring with sniff interaction preferences of 77 and 160 s, and two males 35 and 96 s.
Unclear if metformin's effect on interaction preference is sexdependent
Because no litter effects were evident in chamber time interaction preferences, a SEX by TREATMENT two-way ANOVA was subsequently performed with this data. While the effect of SEX was significant (F (1,54) = 5.08, p < 0.05), as was effect of TREATMENT (F (2,54) = 3.14, p = 0.05), the SEX by TREATMENT interaction didn't meet criteria for significance (F (2,54) = 2.81, p = 0.065). Thus it could not be firmly established if the effects of gestational metformin exposure on social interaction preference were indeed sex-dependent from this small preliminary study. Between female offspring groups, there were no significant To resolve social novelty preferences within female offspring groups a two way TREATMENT x CHAMBERS ANOVA of chamber times revealed a significant interaction (F (2, 50) = 3.9, p < 0.05) and chamber preference (F (1, 50) = 12, p < 0.001) among groups, but no significant treatment effect (F (2, 50) = 1.1, p = 0.33). Tukey's posthoc analysis demonstrated no female offspring within-group preferences for new vs. old stranger chambers were evident in control (mean difference -16.3, 95% CI = -106 to 75 s) or Met → wean (mean difference -37, 95% CI = -126 to 54 s) groups. Yet Met → birth female offspring spent more time with new vs. old strangers (mean difference -138, 95% CI = -237 to -37 s, Tukey's p < 0.05) shown by * in Fig. 4a . For sniff of new vs. old strangers, the TREATMENT x CHAMBERS ANOVA revealed a significant interaction (F (2, 50) = 3.2, p < 0.05), treatment effect (F (2, 50) = 5, p < 0.05) and chamber preferences (F (1, 50) = 18, p < 0.0001) among female offspring groups. This was because control (mean difference -17, 95% CI = -70 to 36 s), and Met → wean (mean difference -34, 95% CI = -87 to 19 s) had no preferences among the two strangers, whereas Met → birth (mean difference -84, 95% CI = -143 to -25 s, p < 0.05, *Fig 4b) sniffed the novel stranger more than the old stranger.
Male offspring social novelty preferences
Among male offspring, in chamber time measures there was a significant difference in social novelty preference (F (2, 29) = 4.08, p < 0.05) between metformin exposed groups, but neither differed from control. Met → wean males had reduced social interaction preference relative to Met → birth (mean difference = 141, 95% CI = 15 to 266 s, Tukey's p < 0.05, # in Fig. 4c ). Social novelty preference mean ± SEM (95% CI) = control 104 ± 22 (56-151) s, met → birth 149 ± 19 (103-95) s and met → wean 9 ± 53 (-117-135) s by male offspring chamber times. Yet by measure of sniff for male offspring there were no between group differences in novelty preference (F (2, 29) = 0.81, p = 0.45), mean ± SEM (95% CI) = control 29 ± 16 (-5-62) s, met → birth 57 ± 13 (26-88) s and met → wean 24 ± 21 (-27-74) s, Fig. 4d .
Male offspring within-group preferences for new vs. old strangers were evident from a two-way (TREATMENT x CHAMBERS) ANOVA through a significant interaction (F (2, 58) = 7.2, p < 0.05) and chamber preference (F (1, 58) = 38, p < 0.0001) but not a metformin treatment effect (F (2, 58) = 0.5, p = 0.6). Tukey's post-hoc analyses showed greater sniffing of the novel stranger by male offspring from control (mean difference -104, 95% CI -159 to -47 s) and Met → birth (mean difference -149, 95% CI -229 to -70 s) dams (Tukey's p < 0.001 indicated by ** in Fig. 4c ), but not Met→ wean (mean difference = -9, 95% CI -89 to 71 s). By measure of sniffing there was only a chamber preference (F (1, 58) = 11, p < 0.005), without interaction (F (2, 58) = 0.76, p = 0.47) or metformin treatment effect (F (2, 58) = 0.47, p = 0.63). Yet no within-group male offspring preference for new versus old strangers was evident for control (mean difference -29, 95% CI -74 to 17 s), Met → birth (mean difference -57, 95% CI -121 to 7 s), or Met → wean (mean difference -24, 95% CI -88 to 40 s) groups could be found, as shown in Fig. 4d. 
No maternal effects on social novelty preference
Within each metformin exposure group we also looked for litter effects on social novelty preference using ANOVA. No significant litter effects were evident for chamber entries in the control group (seven dams F (6,19) = 0.45, p = 0.83), metformin -birth group (four dams F (3,12) = 1.13, p = 0.38), or metformin -wean group (four dams F (3,14) = 0.69, p = 0.57). For sniff there were also no significant litter 
Social interaction and novelty preferences of organic cation transporter 3 male mice
Because organic cation transporter 3 (OCT3) are involved in transplacental transport of metformin, monoamines and amino acids [37] , male OCT3 knock-out (KO) sociability was characterized versus wildtypes (WT). Social interaction preference (stranger -novel object time) was compared between OCT3 wild-type (WT) and knock-out (KO) by two-tailed t-test. OCT3 KO had significantly lower social interaction preference than WT by chamber time (mean difference = -115 ± 37, 95% CI = -191 to -39 s, t(30) = 3.09, p < 0.01, Fig. 5a ), and by sniffing time (mean difference = -47 ± 18, 95% CI = -84 to -11 s, t (30) = 2.64, p < 0.05, Fig. 5b ) measures. Post-hoc Sidak's multiple comparisons found KO spent more time in novel object chambers than WT (mean difference = -70, 95% CI -127 to -13 s, p < 0.05), but found no differences in their stranger chamber times (mean difference = 44, 95% CI= -12 to 101 s). Within-groups, WT stranger chamber time was greater than novel object chamber time (mean difference -116, 95% CI -173 to 60 s, **p < 0.001, Fig. 5a ), whereas KO exhibited no real preference (mean difference = -2, 95% CI = -58 to 55 s, p = 0.99). Accordingly, WT tended to spend more time sniffing stranger mice than KO (mean difference 43, 95% CI -1 to 88 s, p = 0.058), whereas novel object sniffing did not differ among OCT3 genotypes (mean difference = -4, 95% CI -48 to 41 s, p = 0.99).
No significant differences in social novelty preference (new -old stranger time) were found between OCT3 WT and KO by chamber time (mean difference = 51 ± 55, 95% CI = -61.93-163.6 s, t(30) = 0.9, p = 0.36, Fig. 5c ), or by sniffing (mean difference = 19.25 ± 17.09, 95% CI = -15.65 to 54.15 s, t(30) = 1.1, p = 0.27, Fig. 5d ). Exploratory post-hoc comparison of novelty preference within-groups showed OCT3 KO spent more time sniffing new strangers (Fig. 5d , mean difference = -38, 95% CI -75 to -1 s, *p < 0.05), whereas WT did not.
Fecal boli dropped during sociability preference tests
Counts of fecal boli dropped in the middle chamber of the test arena during social interaction plus social novelty tests demonstrated that males in the metformin exposure discontinued at wean group dropped more boli than controls (SEX F (1, 54) = 7.34, p = 0.009; TREATMENT F (2, 54) = 6.438, p = 0.0031; no interaction, Sidak's p < 0.05, Fig. 6 ). Tests were consistently performed at the same time of day, so this was not a likely influence on fecal count. OCT3 wild-type (mean ± sem = 3.5 ± 0.7 boli) and knock-outs (4.9 ± 7 boli) did not differ significantly in number of fecal boli dropped during sociability tests (t (30) = 1.36, p = 0.18).
Chamber entries and time in arena center
During sociability tests total number of chamber entries was tallied, and female offspring exposed to metformin through birth made fewer entries during social interaction (F (2, 50) = 7.456, p = 0.0015, Sidak's 6 . Males exposed to metformin through wean dropped more fecal boli during sociability testing. Boli in the center chamber of the three chamber arena were tallied after social preference tests ended, and males in the metformin through wean (Met-wean) group dropped significantly more than control males (*p < 0.05). Boxes show 25th to 75th percentiles, center line is median, plus signs are means, whiskers are minimum to maximum fecal boli, # boli per individual are small symbols, sample sizes are numbers shown under boxes.
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Pharmacological Research 140 (2019) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] p < 0.05 Fig. 7a ), but not social novelty tests. Gestationally exposed males exhibited no differences in number of chamber entries among treatment groups (Fig. 7b) . OCT3 wild-type and knock-out mice did not differ in number of chamber entries, either in social interaction (mean ± sem = 39 ± 3 vs 38 ± 4) or social novelty (45 ± 17 vs. 35 ± 15) tests. Time spent in the middle chambers did not differ among gestational metformin treatment groups or sex in social interaction (mean ± sem 215 ± 15 s) or in social novelty (54 ± 5 s). Time spent in middle chamber also did not differ significantly for OCT3 genotypes in the social interaction (220 ± 14 s) or social novelty (40 ± 4 s) tests.
Marble burying
The number of marbles buried of 15 evenly spaced marbles over bedding did not differ significantly among offspring sexes (F (1, 54) = 2.7, p = 0.11) or dam treatment groups (F (2, 54) = 0.15, p = 0.86) (Fig. 8) . Also, there was no difference (t(30) = 0.37, p = 0.71) in number of marbles buried by wild-type (mean ± sem = 6 ± 1) or OCT3 knock-out mice (5 ± 1).
Serotonin turnover following behavior tests
Since changes in serotonin (5-HT) neurotransmission have been associated with social interaction preference differences in prior studies [38] , we measured serotonin turnover in a subset of the brains collected from juvenile mice after behavior tests. Whole brain 5-hydroxyindoleacetic acid (5-HIAA) content was divided by 5-HT content for each brain to obtain % 5-HT turnover levels, which did not differ (SEX F (1,14) = 0.22, p = 0.64, TREATMENT F(2,14) = 0.05, p = 0.94, INT-ERACTION F(2,14) = 1.6, p = 0.24) among sexes or dam treatment groups, as shown in Table 2 .
Serotonin transporter density in terminal fields of wild-type and OCT3 knock-out mice
Specific binding of [
3 H] citalopram to brain regions including caudate putamen, nucleus acumbens core, and hippocampal dentate gyrus, CA1 and CA3 regions were compared between OCT3 wild-type and knock-out mice (Fig. 9) . No significant differences were found (Wilk's λ (5,6) = 0.44, p = 0.31).
Discussion
The primary finding of this pilot study is that gestational metformin exposure discontinued at birth reduced social interaction preference relative to controls in adolescent male offspring by one measure (time Fig. 7 . Chamber entries by metformin-exposed offspring during sociability tests. (a) Female mice exposed to metformin through wean made significantly fewer entries during social interaction tests than controls (* p < 0.05). (a) Male mice made comparable chamber entries across treatment groups in both test phases. Boxes show 25th to 75th percentiles, center lines are medians, plus signs are means, whiskers are minimum to maximum entries, entries of individuals are small symbols, sample sizes are shown as numbers under each box. Data shown are mean ± SEM, N = 3-4 randomly selected from group for measures, no significant differences found. Fig. 9 . Serotonin transporter density in wild-type and OCT3 knock-out mouse terminal fields. No significant differences were observed between genotypes in the brain regions measured. CPu = caudate putamen (striatum), Nu Acb = nucleus accumbens core, Hipp = hippocampus, DG = dentate gyrus, CA1 = CA1 region, CA3 = CA3 region. Boxes show 25th to 75th percentiles, center lines are medians, plus signs are means, whiskers are minimum to maximum densities, and individual densities are small symbols, N = 6 per genotype.
V.R. Garbarino et al. Pharmacological Research 140 (2019) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] spent in chambers) but not by a second (social sniffing). The social behavior findings from gestational metformin exposures should be interpreted cautiously, as they are inconclusive due to large confidence intervals (high variability), small sample sizes and study design limitations including behaviors measured from more than one offspring per litter. These preliminary outcomes did not support our initial hypotheses that gestational metformin exposure might enhance offspring social behavior. On the other hand, female offspring exposed to metformin through wean retained social interaction preference. Also female offspring exposed to metformin until birth exhibited an increase in social novelty preference by measure of social sniff. It must be emphasized that the mouse dams in this study were not diabetic or on high fat diet, in contrast to prior studies of the effects of gestational metformin exposure [21] [22] [23] . Few studies have reported impacts of pre or perinatal exposure to metformin on offspring behaviors, but this was of great interest because of the potential for metformin use to prevent the reported increase in autism incidence in offspring from mothers with gestational diabetes [1] [2] [3] [4] . Gestational diabetes affects 18% of pregnancies [36] , and better treatments than insulin alone are needed since insulin resistance is a natural state of pregnancy. High doses (0.5-2.5 g/day) of metformin are required to manage gestational diabetes as its half-life is only 6 h, and metformin readily cross placenta and blood-brain barriers [5, [7] [8] [9] . One population of women in whom metformin use was studied prior to and throughout pregnancy are those diagnosed with polycystic ovarian syndrome (PCOS). Few adverse outcomes from metformin use in PCOS offspring were reported [39] . Yet one study found larger head circumference in metformin-exposed PCOS offspring correlated with maternal obesity [40] . Another found metformin-exposed PCOS children were overweight relative to untreated PCOS controls [41] . Excessive release of androgens underlies most cases of PCOS, and the condition itself is associated with an elevated risk of autism [42] , again making it difficult to tease apart effects of gestational exposure to metformin on offspring social behavior with this condition.
The tentative loss of social interaction preference in male mouse offspring following gestational metformin exposure, if it proves to be robust with further study -is concerning, and the mechanisms underlying it remain unclear. Gestational metformin use can reduce birth weight, and low birth weight is also considered an autism risk factor [9, 15, 16] . Offspring birth weights were not systematically monitored in this study, and may have differed from controls earlier in development. However we did not find lower weights in adolescent mouse offspring exposed to metformin in utero (Fig. 2) . We also did not examine fetal mice for neural tube defects that were reported in other studies [12, 15, [19] [20] [21] . Yet surviving litter sizes were comparable, and motor development and home cage behaviors of metformin-exposed pups and dams did not appear overtly different from controls. Metformin treatment may influence maternal care, and this should be examined in detail by cross-fostering pups in future studies.
Metformin inhibits gluconeogenesis and boosts insulin sensitivity [43] . It may do so largely by inhibiting complex I of the mitochondrial respiratory electron transport chain (reducing ATP/AMP ratios among other actions), not by fueling insulin release as sulfonylureas do [11, 12, 23] . Metformin also reduces lipid and cholesterol synthesis by activating AMP-activated protein kinase (AMPK), among other kinases [12, 43] . Since metformin is hydrophilic, its entry into liver cells, and thus its efficacy, is dependent upon organic cation transporter (OCT) subtype 1 (SLC22A1), as evidenced by poor metformin performance in individuals with gene polymorphisms impairing OCT1 expression or function [11, 12, 14, [43] [44] [45] [46] .
Metformin is also a substrate of OCT3 (SLC22A3) [47] [48] [49] , which is highly expressed in placenta and brain [25, 26, [48] [49] [50] [51] . Metformin may indeed pose fetal risk via AMPK activation, but to have this action it must first enter placentas and fetal brain cells during prenatal development. Insulin signaling promotes expression of OCTs [52, 53] . So in non-diabetic pregnancy, late in gestation as insulin levels rise and placental OCT3 expression peaks [26] , maternal metformin treatments may more freely cross the placenta via upregulated OCT3. If this occurs at high enough concentrations, metformin may be able to impair social behavior through excessive activation of fetal AMPK [13, 19, 42] , as has been reported to occur in the valproic acid pharmacological mouse model of autism [54] . Measures of ED 14-15 brain levels of metformin in dams (161 ± 20 pg/mg) and fetuses (158 ± 10 pg/mg) were essentially the same, suggesting similar metformin uptake levels in mother and fetus at this stage.
However, early in pregnancy the embryo and young fetus may be less sensitive to adverse effects from metformin use because OCT3 and other placental transport mechanisms for metformin (such as the serotonin transporter [44] ) are either not yet or more sparsely expressed [26, 51] . Indeed in a clinical study metformin use in the first trimester only posed no apparent risk to offspring [55] . Hence catching gestational diabetes early and treating early with metformin, but possibly reducing dose or discontinuing treatment in favor of insulin at midgestation may better protect the fetal brain from excessive metformin induced AMPK activity. Furthermore if placental and fetal insulin receptors are under-expressed, as they appear to be in one human GDM study [56] , insulin-dependent OCT3 expression is likely to be reduced in the placenta, thereby reducing the risk of later metformin use adversely over-activating AMPK. Ongoing longitudinal studies report a lack of overt ill effects from gestational metformin exposure, and have tracked the growth and development of children exposed to metformin from infancy through early adolescence [57, 58] . This is because metformin's AMPK activation has anti-inflammatory effects that counter the actions of TNFα in a genetic mouse model of gestational diabetes (Tally-Ho), and this property may be neuroprotective for mothers and offspring in diabetic pregnancies [58, 59] . A clinical offshoot of the "Metformin in Gestational Diabetes: The Offspring Follow-Up (MiG TOFU)" study compared neurophysiological responses of 45 12 yr old children from diabetic pregnancies exposed in utero to metformin (23) or insulin (22) vs. controls (12 children) and found metformin did not worsen salivary cortisol deficits, reduced cortical excitability or attenuated neuroplasticity found to be associated with maternal insulin resistance in the insulin treated group [59] . However this study was small and not designed to capture changes in relative risk for developmental disorders, so larger scale studies are warranted.
It is noteworthy that the constitutive OCT3 knock-out mouse is deficient in preference for social interaction relative to wild-types (Fig. 5) . Prior behavior studies in OCT3 knock-out mice are conflicted, one found increased stress and anxiety related behaviors [60] , while another found the opposite [61] . However deficits in mouse tests of social preference and sociability deficits in autism spectrum disorders do not necessarily stem from increased anxiety [62] . This study finding of a lack of social interaction preference in OCT3 knock-outs provides additional evidence that OCT3 probably plays critical roles in shaping social behavior either via changes in placental transport or during early brain development. Since OCT3 expression is high in placenta and brain [25, 26, 50, 31] , and OCTs can transport serotonin [63] , and apparently also tryptophan [64] placental OCT3 expression becomes highly relevant to serotonergic hypotheses of autism etiology [38, 65] . Under conditions of GDM, if insulin signaling in the placenta is compromised by hyperglycemia and/or insulin insensitivity, OCT3 expression may be reduced compromising serotonin and/or tryptophan transport [52, 56, 63, 64] .
In fetal brain serotonin (5-HT) and the tryptophan used to synthesize it play many essential roles. For example 5-HT receptors mediate neuron growth, differentiation, pruning and synapse formation, and 5-HT transporters tightly control how long and how much 5-HT is available for neurotransmission [65] [66] [67] . Interestingly, 5-HT receptor and transporter proteins function in fetal brains even before neurons producing 5-HT are formed, highlighting their importance in directing neurodevelopment [67, 68] . Studies in mice demonstrate that most of the 5-HT orchestrating early fetal development comes from maternal V.R. Garbarino et al. Pharmacological Research 140 (2019) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] stores of tryptophan relative to platelet-bound maternal serotonin [69, 70] . Tryptophan is also converted to kynurenine by indoleamine 2,3-dioxygenase (IDO) which is richly expressed in the placenta to establish maternal immunosuppression early in pregnancy and to suppress vasoconstrictive activity of 5-HT late in pregnancy [71] . In mice carrying an allogenic fetus, suppression of IDO caused pre-eclampsia, showing the importance of this pathway for suppressing maternal immune responses during pregnancy [72] . Serotonin (5-HT) is an endogenous substrate of OCT3, and metformin can competitively inhibit in vitro 5-HT uptake at 5-10 mM concentrations in human cell lines overexpressing it [44, 63] . However, with daily 850 mg/kg doses depending on timing since last intake, human metformin content in maternal blood ranges from 0.86 to 13.73 μM and in umbilical vein from 2.81 to 12.4 μM [73] . With orders of magnitude differences between therapeutic and effective uptake blocking concentrations, it seems unlikely that metformin could impact fetal development by competitively inhibiting bulk 5-HT uptake via OCT3 alone. Tryptophan also appears to be a substrate of OCT1, OCT2 (and potentially OCT3), but again with an unlikely IC 50 to inhibit organic cation uptake in cells expressing them at the range 6 mM [64] .
In mice OCT3 and vesicular monoamine transporter (VMAT) are expressed together in specialized syncytiotrophoblast cells within the labyrinth of the placenta to transport 5-HT synthesized locally from maternal tryptophan or yolk sac stores to the fetus [74] . Also epigenetic imprinting governs expression of the insulin growth factor 2 cluster, which OCT1, 2, and 3 genes belong to, introducing variable expression or function of these proteins in mouse and human placentas [75, 76] . Given the complexities of placental microstructure and its insulin-dependent 5-HT transporter regulation [56] in gestational diabetes, localized deficient transporter expression may diminish transfer of serotonin or tryptophan from placenta to fetus sufficiently at critical stages to persistently disrupt brain development and social behavior.
Postnatally, there is evidence that metformin is transported into mothers milk at concentrations lower than maternal serum levels [77] . So far only organic cation/carnitine transporters (OCTNs), which are closely related and similar in structure to OCTs, were found to upregulate in human breast tissue, and OCTNs are responsible for transport of carnitine (which metabolizes fatty acids) into breast milk [78] [79] [80] . In mice OCT1 is upregulated in nursing mammary glands, and in OCT1 and OCT2 double knock-outs milk to plasma ratio of metformin was diminished, indicating they also transport metformin into milk [81] . Reductions in chamber exploration (Fig. 7a) and increased social novelty preference exhibited by female offspring from metformin treatment stopped at birth not evident in female offspring stopped at wean (Fig. 4) could have precipitated from abrupt cessation of metformin exposure at birth.
More fecal boli dropped by males exposed to metformin until wean after social interaction and novelty preference tests (Fig. 6 ) corresponded with avoidance of novel stranger mice. Interestingly, male rats similarly exposed to metformin engaged less in sexual behavior than controls [82] . Metformin was shown to have endocrine disrupting properties in fish [83] , and such effects may have contributed to changes in exposed male mouse behaviors. Alternatively, adaptive changes to metformin exposure may have persisted in the gastrointestinal tract of metformin exposed mice, possibly through changes in microbiome [84] .
In summary, prenatal metformin exposure reduced preference for social interaction in a small group of male offspring from lean C57BL/ 6 J dams, some of which were siblings. By contrast female offspring social behavior was enhanced in female offspring exposed to metformin if treatment ceased at birth. Organic cation transporters (OCTs) are most likely responsible for entry of metformin into the placenta and fetus, and to a lesser extent into maternal milk. It remains unclear how prenatal metformin exposure impacts the social behavior of offspring, be it via changes in transport capacity for substrates of OCTs including 5-HT and tryptophan, or through intercellular mechanisms such as functional inhibition of mitochondrial respiratory complex I and AMPK activation. Use of mouse models to study the interactions of maternal metabolic conditions such as obesity and gestational diabetes with metformin exposure in offspring will aid in teasing apart how both conditions and metformin treatments impact offspring social behavior.
